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,QWURGXFWLRQ
&DUERQ&DUERQ && FRPSRVLWHV DUH HQJLQHHUHGPDWHULDOV WKDW DUH SULQFLSDOO\ FRPSRVHGE\ FDUERQ ILEHUV DQG
FDUERQPDWUL[DQGFDQEHWDLORUPDGHWRJLYHDZLGHIDPLO\RISURGXFWVE\FRQWUROOLQJWKHFKRLFHRIILEHUW\SHILEHU
WH[WLOHDQGPDWUL[7KHUHDOGHYHORSPHQWRI&&FRPSRVLWHVVWDUWHGLQZLWK86$LU)RUFHVSRQVRUHGZRUNZKLFK
ODWHUUHFHLYHGDPDVVLYHERRVWZLWKWKHRQVHWRIWKH6SDFH6KXWWOH3URJUDP>@7RXJKORQJVWXGLHVZHUHSHUIRUPHGDOO
RYHUWKHZRUOGRQWKLVPDWHULDOWKHUHLVODFNRIDFRPSOHWHNQRZOHGJHDERXWWKHSURGXFWLRQURXWH,QSDUWLFXODURQHRI
WKHPRVWFULWLFDOLVVXHLVKRZWRREWDLQDQXQLIRUPPDWHULDOZLWKKLJKWKLFNQHVVHV0RUHRYHUWKHPDQXIDFWXULQJPHWKRG
LVVWLOODQLQGXVWULDOVHFUHWQRWVKDUHGZLWKWKHVFLHQWLILFFRPPXQLW\LHWKHUH¶VQRVWDQGDUGSURGXFWLRQPHWKRGVXFK
DVWKHFDVHRIPHWDOSURGXFWV&&FRPSRVLWHDUHIDEULFDWHGDQGSURFHVVHGE\DVHULHVRIVWHSVZKLFKLQYROYHVHOHFWLRQ
RUSUHSDUDWLRQRIWKHILEURXVUHLQIRUFHPHQWVHOHFWLRQDQGXVHRIFDUERQIRUPLQJRUJDQLFFRPSRXQGPDQXIDFWXUHRI
WKHPDWUL[LPSUHJQDWHGIDEULFRULQILOWUDWHGILEURXVSUHIRUPUHLQIRUFHPHQWS\URO\VLVRIWKHFRPSRVLWHLQWKHDEVHQFH
RIR[LGL]LQJVSHFLHVUHGHQVLILFDWLRQZLWKDFDUERQIRUPLQJPDWUL[DWORZWRKLJKSUHVVXUHVUHSHDWHGLPSUHJQDWLRQ
DQGS\URO\VLVXQWLOWKHGHVLUHGGHQVLW\LVUHDFKHGRSWLRQDOFHUDPLFFRDWLQJLIWKHDUWLFOHLVWREHXVHGLQDKRWR[LGL]LQJ
DWPRVSKHUHHWF>@&&FRPSRVLWHPDWHULDOVDUHGHQVLILHGE\HLWKHUFKHPLFDOYDSRULQILOWUDWLRQ&9,SURFHVVHV
DQG OLTXLG PDWUL[ LQILOWUDWLRQ /,3 WHFKQLTXHV RU FRPELQDWLRQV WKHUHRI 6XFK FRPSRVLWHV RIIHU D ZLGH UDQJH RI
SURSHUWLHVWKDWFDQEHWDLORUHGE\VHOHFWLRQRIFRQVWLWXHQWPDWHULDOVILEHURULHQWDWLRQVDQGGHWDLOVRIIDEULFDWLRQ7KH
SURSHUWLHV RI LQWHUHVW DUH VWUHQJWK DQG VWLIIQHVV IUDFWXUH WRXJKQHVV IULFWLRQDO SURSHUWLHV WKHUPDO FRQGXFWLYLW\ DQG
UHVLVWDQFHWRR[LGDWLRQDWKLJKWHPSHUDWXUHV,QWKLVZRUNDQH[SHULPHQWDOVHWXSIRUWKHSURGXFWLRQRIKLJKWKLFNQHVV
&&VWUXFWXUHVE\PHDQVRI&9,WHFKQLTXHLVSUHVHQWHGLQWKHIROORZLQJVHFWLRQVWKHPDQXIDFWXULQJRISUHIRUPVWKH
LQILOWUDWLRQSURFHVVDQGWKHPHDVXUHPHQWVDQGDQDO\VLVRIWKHGHQVLILFDWLRQUHVXOWVDUHGHVFULEHG
0DWHULDOVDQG0HWKRG
2.1. Preform manufacturing 
,QWKLVVWXG\ILYH'DQG'SHUIRUPVKDYHEHHQPDQXIDFWXUHGWKH\ZHUHLGHQWLILHGE\VSHFLILFVWDUQDPHVHH
7DEOH7KHFKRLFHRIWKHQXPEHURIILEHUGLUHFWLRQVKDVWRWDNHLQWRDFFRXQWIRUWKHWKHUPRPHFKDQLFDOGLVWULEXWLRQ
RI WKH VWUXFWXUHDQG WKHPDQXIDFWXULQJPHWKRGFKRVHQ ,Q WKLV VWXG\D' WH[WLOH D WZLOOKDVEHHQZUDSSHGRQD
1RPHQFODWXUH

&& &DUERQ&DUERQ
/,3 /LTXLG0DWUL[,QILOWUDWLRQ
&9, &KHPLFDO9DSRU,QILOWUDWLRQ
&9' &KHPLFDO9DSRU'HSRVLWLRQ

%XR\DQF\PHWKRGGHILQLWLRQV 
 
Vsp  YROXPHRIZDWHUUDLVHGGXHWRVDPSOHEXR\DQF\ 
Vabs  YROXPHRIZDWHUDEVRUEHGE\WKHVDPSOH  
VH2O(tot)  YROXPHRIZDWHUUDLVHGGXHWRVDPSOHDQGKROGLQJZLUHGLSSLQJ 
VCu   YROXPHRIWKHLPPHUVHGSDUWRIWKHKROGLQJFRSSHUZLUH 
S  WRWDOHIIHFWLYHEXR\DQF\ 
PCu-imm  ZHLJKWRIWKHLPPHUVHGSDUWRIWKHKROGLQJFRSSHUZLUH  
ȡCu  FRSSHUGHQVLW\WKHUHIHUHQFHYDOXH8.92g/cm3LVDGRSWHG  
Pabs  ZHLJKWRIZDWHUDEVRUEHGE\WKHVDPSOH 
Pimm  ZHLJKWUHJLVWHUHGZKHQWKHVDPSOHLVLPPHUVHG
PH(0)  ZHLJKWRIZDWHUEHIRUHVDPSOHGLSSLQJ
PH(1)  ZHLJKWRIUHPDLQLQJZDWHUDIWHUVDPSOHHPHUVLRQ
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PDQGUHOE\PHDQVRID VSHFLILFPDFKLQHZKLFKFDQFRQWURO WKH WHQVLRQRI WKH WH[WLOHZUDSSLQJ7KH VKDSHRI WKH
SUHIRUPVLVDKROORZF\OLQGHUZLWKDQH[WHUQDOGLDPHWHURIDERXW40 cmDQLQWHUQDOGLDPHWHURIDERXW10 cmDQG
KHLJKWDURXQG10 cm7KHSUHIRUPVKDYHEHHQZUDSSHGZLWKDGU\WH[WLOHLQRUGHUWRDOORZDQHDVLHUVWLWFKLQJLQWKH
WKLUGDQGIRXUWKGLPHQVLRQ6WLWFKHGPXOWLD[LDOIDEULFVKDYHEHWWHUPHFKDQLFDOSURSHUWLHVWKDQZRYHQIDEULFVVLQFH
WKHILEHUVDUHDOZD\VVWUDLJKWDQGQRWFULPSHG7KHVWLWFKLQJKDVEHHQSHUIRUPHGE\WKHXVHRIDORQJVWHHOQHHGOH
ZKLFKGRHVQRWGDPDJHWKHILEHUVGXULQJWKHLULQVHUWLRQDORQJWKHWKLUGGLUHFWLRQ7KHILEHUVKDYHEHHQLQVHUWHGVSDFLQJ
FPRQHIURPDQRWKHUZKHUHDVIRUWKHIRXUWKGLUHFWLRQWKHILEHUVKDVDQLQFOLQDWLRQRIUHVSHFWWRWKHKRUL]RQWDO
SODQHRIWKHSUHIRUP2QO\RQHSUHIRUPKDVEHHQVWLWFKHGRQWKHIRXUWKGLUHFWLRQLQRUGHUWRVWXG\WKHLQIOXHQFHRIWKH
'VKDSLQJ

7DEOH0DLQFKDUDFWHULVWLFVRIWKHILYHPDQXIDFWXUHGSUHIRUPV
,7(0 :HLJKWJ )LEHU\DUQ	
'VWLWFK

RXWHUGLDPHWHU
'LPHQVLRQVFP
LQQHUGLDPHWHU

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2.2. Infiltration process 
&KHPLFDOYDSRUGHSRVLWLRQ&9'LQYROYHVKHDWLQJDILEHUSUHIRUPLQDJDVHRXVHQYLURQPHQWWRGHSRVLWWKHPDWUL[
SUHVHQWLQWKHJDVHRXVSKDVHRQWRWKHILEHU7KHWHUPFKHPLFDOYDSRULQILOWUDWLRQ&9,LVXVHGWRGHVFULEH&9'
GHQVLILFDWLRQRFFXUULQJZLWKLQWKHILEHUSUHIRUPVGLVWLQFWIURPDVLPSOHVXUIDFHGHSRVLWLRQWHFKQLTXH%\WKHDYDLODEOH
H[SHULPHQWDOHTXLSPHQWDPHWKDQH&9,SURFHVVKDVEHHQSHUIRUPHGLQVXFKSURFHVVWKHGHQVLILFDWLRQRFFXUVE\WKH
GHFRPSRVLWLRQUHDFWLRQ

       CH g C s H go           

2QWKHEDVHRIWKHRU\DSUHVVXUHJUDGLHQWLQILOWUDWLRQKDVEHHQVWXGLHG7KHSUHIRUPVKDYHEHHQSXWRQHRQDQRWKHU
LQ WKHRUGHUVSHFLILHGLQ7DEOHDQGVHDOHGE\WKHXVHRIJUDSKLWHGLVFV7KLVJHQHUDWHVDGLIIHUHQFHRISUHVVXUH
EHWZHHQWKHH[WHUQDOVLGHRIWKHSUHIRUPVDQGWKHYROXPHFUHDWHGE\WKHLQWHUQDOGLDPHWHUVRISUHIRUPVLQWKHUDQJH
40-60 mbar7KHLQOHWRISUHFXUVRUJDVLVEORZQLQVLGHWKHLQWHUQDOYROXPHLQWKHERWWRPSDUWRIWKHRYHQ$VWDEOH
WHPSHUDWXUHDURXQG1100 °CKDVEHHQVHWDQGWZRLQILOWUDWLRQF\FOHVRIKRXUVHDFKKDYHEHHQFDUULHGRXW
5HVXOWVDQGGLVFXVVLRQ
3.1. Densification measurements 
$IWHU WKH ILUVW &9, F\FOH WKH SUHIRUPV KDYH EHHQ UHPRYHG IURP WKH RYHQ DQGZHLJKWHG WR FKHFN WKH UDWH RI
LQILOWUDWLRQWKHQWKH\KDYHEHHQSXWEDFNLQWKHRYHQIRUWKHIXUWKHUKRXUVLQWKHVDPHDUUDQJHPHQWH[FHSWIRU
SHAULAZKLFKKDVEHHQFKRVHQDVUHIHUHQFHLWHPIRUWKHILUVWF\FOHDQGWKXVGHILQLWHO\UHPRYHG,Q7DEOHWKH
ZHLJKLQJ UHVXOWV DUH UHSRUWHG DVZHOO DV DQ LQGLFDWRU\HYDOXDWLRQRI WKHSHUFHQWDJHRIRFFXUUHGGHQVLILFDWLRQ$V
H[SHFWHGWKHSURFHVVHIIHFWLYHQHVVGHFUHDVHVLQWKHVHFRQGVWHSGXHWRWKHJUDGXDOSRUHVREVWUXFWLRQ$VPDLQFOXH
WKHLQIOXHQFHRIERWKWKHSUHIRUPSRVLWLRQZLWKLQWKHRYHQDQGWKH&ILEHUW\SRORJ\FDQEHDVVHVVHG7KHSUHIRUPVRQ
WKHWRSVLGHRIWKHµFDVWOH¶SHAULADQGALTAIRLHUHODWLYHO\IDUIURPWKH&9,JDVLQOHWKDYHUHFHLYHGDZHOO
JUHDWHU LQILOWUDWLRQ FRPSDUHG WR WKRVH SRVLWLRQHG EHORZ0RUHRYHU D YHU\ SRRU GHJUHH RI GHQVLILFDWLRQ KDV EHHQ
DWWDLQHGLQWKHSUHIRUPRIGELWKHRQO\RQHUHDOL]HGZLWK.\DUQ&ILEHUVKRZLQJDVWLOODOPRVWXQFKDQJHGIDVKLRQ
DIWHUWKHWUHDWPHQWH[FHSWIRUWKH]RQHYHU\FORVHWRWKHLQQHUKROORZ$VURXJKHVWLPDWLRQRIWKH&&LWHPVDYHUDJH
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GHQVLWLHVWKHZHLJKLQJUHVXOWVFDQEHFRXSOHGWRWKHSUHIRUPJHRPHWULFDOFKDUDFWHULVWLFVVHH7DEOHDPD[LPXP
YDOXHDURXQG1.3g/cm3LVWKXVREWDLQHGIRUALTAIRWKHZRUVHUHVXOWLVSODLQO\IRXQGHGIRURIGEL1g/cm3ZKLOH
WKHRWKHUWKUHHLWHPVVHHPWRKDYHDERXWWKHVDPHDYHUDJHGHQVLW\a1 g/cm3

7DEOH:HLJKWPHDVXUHPHQWVDQGSHUFHQWDJHVRISUHIRUPGHQVLILFDWLRQDIWHUWKH&9,F\FOHV
,7(0 'U\ZHLJKWJ :HLJKWDIWHU
KUJ
'HQVLILFDWLRQ, :HLJKWDIWHU
KUJ
'HQVLILFDWLRQ,, 7RWDO
GHQVLILFDWLRQ
6+$8/$
$/7$,5
5,*(/
$17$5(6
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
,QRUGHUWRJDLQPRUHSUHFLVHLQIRUPDWLRQVDQGWRDQDO\]HWKHGHQVLW\JUDGLHQWDORQJWKHULQJGLDPHWHUWKHILYHLWHPV
KDYHEHHQPDFKLQHGE\SUHFLVLRQFXWWLQJWRH[WUDFWVPDOOHUVSHFLPHQV$ERXWWKLUW\VDPSOHVIURPGLIIHUHQWUHJLRQV
UDGLDODQGFLUFXPIHUHQWLDO]RQHVRIWKHILYHLWHPVKDYHEHHQDQDO\]HGIRUWKHPHDVXUHPHQWVRIGHQVLW\7KH\DUH
ODEHOOHGDVLQ7DEOHWKHQXPEHUDUHRQO\WRLQGLFDWHWKHGLIIHUHQWVHFWRULDOFLUFXPIHUHQWLDORULJLQZKLOHWKH
WKUHHGLIIHUHQWUDGLDOSRVLWLRQVLQWPHGH[WUXQRYHUFPVWDUWLQJIURPWKHKROORZFRUH7KHVDPSOHVKDYHURXJKO\
FXELFVKDSHZLWKDSSUR[LPDWHYROXPHLQWKHUDQJH25÷40 cm3VLGHa3.0÷3.5 cmDQGZHLJKWLQWKHUDQJH30÷50 g
H[FHSWRQHVDPSOHANT_3 extZKLFKKDVDSDUDOOHOHSLSHGVKDSHFRUUHVSRQGLQJWRDERXWRQHKDOIFXEH7KHVDPSOHV
ZHLJKWLVHYDOXDWHGE\PHDQVRIDKLJKSUHFLVLRQEDODQFHVHQVLWLYLW\1mg$QHVWLPDWLRQRIWKHVDPSOHVYROXPHE\
GLUHFW HGJHVPHDVXULQJZLWK VOLGLQJ FDOLSHU VHQVLWLYLW\0.01cmZLWK FRQVHTXHQW HYDOXDWLRQRIGHQVLW\ KDVEHHQ
SUHOLPLQDU\FDUULHGRXW7KHPHDVXUHPHQWHUURURQWKHGHQVLW\ȡ 
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LVFOHDUO\RYHUORRNHGE\WKHYROXPHVXQFHUWDLQW\WKHZHLJKWPSHUFHQWDJHHUURUEHLQJZHOOORZHUWKDQ7KH
JUHDWHU HUURU RQ WKH YROXPH HVWLPDWLRQ DULVHV IURP WKH GLIILFXOW\ WR SHUIRUP D SUHFLVH FXW WKURXJK WKH LQILOWUDWHG
SUHIRUPVLQRUGHU WRREWDLQVSHFLPHQVRIZHOOGHILQHGJHRPHWU\1RQKRPRJHQHRXVDQGZDY\UHJLRQVDVZHOODV
PDFURVFRSLFGHIHFWVJLYHULVHWRǻOLa·PPUHVXOWLQJLQKLJKUHODWLYHHUURUVRQGHQVLW\7KHGHQVLW\HYDOXDWLRQRI
VDPSOHVIURPLQWHUQDOSDUWVRIWKHLQILOWUDWHGSUHIRUPVDUHSDUWLFXODUO\DIIHFWHGE\VXFKGUDZEDFN7KHUHVXOWVKHUH
QRWUHSRUWHGLQGLFDWHDORZHUUHODWLYHHUURURQWKHH[WHUQDOVDPSOHVGHQVLW\·FRPSDUHGWRWKHKLJKHURQHRIWKH
LQQHUVDPSOHV DOZD\VXS WRIRURIG VDPSOHV WKDW LVGXH WR WKHXQDYRLGDEOH LQDFFXUDF\ LQH[WUDFWLQJ
SUHFLVHFXELF VKDSHSLHFHV IURPDQ LWHPZLWKF\OLQGULFDO V\PPHWU\ VXFK LVVXHEHLQJHYHQPRUH WRXJKZKHUH WKH
EHQGLQJDSSURDFKHV WKH FXELF HGJHV OHQJWK:LWK WKH DLP WRREWDLQ DPRUHSUHFLVH DQG UHOLDEOH HYDOXDWLRQRI WKH
VDPSOHVDSSDUHQWGHQVLW\DSURFHGXUHUHODWLQJWR$670VWDQGDUGV'&&KDVEHHQDGRSWHG6XFK
PHWKRG WDLORUHG IRU WKH VDPSOHVXQGHU WHVW LVEDVHGRQ WKHGLSSLQJERGLHVEXR\DQF\DQGDOVRDOORZV WRHYDOXDWH
PDWHULDO¶VSRURVLW\DVZHOODVEXONGHQVLW\E\PHDVXULQJWKHDPRXQWRIIOXLGDEVRUEHGE\WKHVDPSOH7KHZHLJKW
PHDVXUHPHQWVKDYHEHHQSHUIRUPHG LQFRQWUROOHGFRQGLWLRQVRI WHPSHUDWXUHDQGSUHVVXUH (~21 °CDQG1 atmEL
GLVWLOOHGZDWHUKDVEHHQXVHGDVIOXLGȡ(H2O) 0.9965g/cm3DVPHDVXUHGLQZRUNLQJFRQGLWLRQVE\ZHLJKWLQJNQRZQ
YROXPHVWDNHQLQ0.01mlVHQVLWLYLW\DLUWLJKWV\ULQJH7KHSURFHGXUHFDQEHVXPPDUL]HGDVIROORZVWKHVDPSOHKRRNHG
E\DWKLQFRSSHUZLUHWRWKHPRYLQJV\VWHPLVIXOO\GLSSHGLQDYHVVHOZLWKDERXW100mlRIZDWHUIRUDERXW¶LQ
RUGHUWRUHDFKWKHPD[LPXPOHYHORIDEVRUSWLRQE\DLUEXEEOHVHMHFWLRQ'XULQJWKLVSKDVHWKHZHLJKWUHJLVWHUHGE\
WKH EDODQFH JUDGXDOO\ GURSV GXH WR DLU OHDNLQJ ZKLFK FRUUHVSRQGV WR WKH SURJUHVVLYH DEVRUSWLRQ E\ WKH VDPSOH
UHVXOWLQJLQWKHZDWHUVXUIDFHOHYHOORZHULQJ)LQDOO\WKHVDPSOHLVVORZO\WDNHQRXWIURPWKHYHVVHOUHOHDVHGIURP
WKHKROGLQJZLUHDQGGULHGLQDLUHYHQWXDOO\IRUVXEVHTXHQWGHVRUSWLRQUDWHPHDVXUHPHQWV

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7DEOH5HVXOWVRIEXR\DQF\PHWKRGPHDVXUHPHQWVHYDOXDWLRQRIVDPSOHVDSSDUHQWGHQVLW\SRURVLW\DQGEXONGHQVLW\

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VHH GHILQLWLRQV ZLWKLQ QRPHQFODWXUH ER[ ,Q 7DEOH  WKH HVWLPDWHG GHQVLW\ ȡ = P/V  ZLWK WKH FRUUHVSRQGLQJ
PHDVXUHPHQWHUURURIWKHVHYHUDOVDPSOHVLVUHSRUWHGDVZHOODVERWKWKHUHODWLYHSRURVLW\Vass/VDQGWKHEXONGHQVLW\
ȡ-BULK = P/VspLHWKHGHQVLW\RIWKHFDUERQPDWHULDOLWVHOIZLWKRXWWDNLQJDFFRXQWRISRUHV7KHUHODWLYHHUURURQ
WKHGHQVLW\YDOXHVGHOLYHUHGE\ WKH EXR\DQF\PHWKRG LV DOZD\VZHOO EHORZ VLQFH LW¶V RQO\GXH WRZHLJKWLQJ
XQFHUWDLQWLHVVXFKSURFHGXUHWKXVSURYLGHVDPXFKPRUHSUHFLVHHYDOXDWLRQRIWKHVDPSOHVGHQVLW\WKDQZKDWDOORZHG
E\WKHSUHOLPLQDU\PHWKRG+RZHYHUWKHV\VWHPDWLFH[SHULPHQWDOPLVWDNHVRXUFHGXHWRXQZDQWHGZDWHUGULSSLQJ
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IURP WKH VDPSOHVZLWKLQ WKH GLSSLQJ YHVVHO FDXVLQJPH(1) RYHUHVWLPDWLRQ LHVabs XQGHUHVWLPDWLRQ GXULQJ WKH
WLFNOLVKHPHUJLQJSKDVHVKRXOGEHWDNHQLQWRDFFRXQW
%\PRQLWRULQJ WKHZHLJKWGXULQJ WKH VHYHUDO VWHSVRI WKHPHDVXUHPHQWSURFHGXUH VXFK LVVXH LVEHOLHYHG WRFDXVH
YDULDWLRQXSWRǻP ~ 0.1g%\XVLQJWKLVODWWHUVDIHW\OLPLWDIL[HGHVWLPDWLRQRIWKHYROXPHHUURULVUHWULHYHGDV
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WKDWGULYHVE\PHDQVRIWRWKHGHQVLW\HUURUVUHSRUWHGLQ7DEOH,W¶VFOHDUWKDWVXFKLQDFFXUDF\FDQEHDOZD\V
XQGHUHVWLPDWHGZLWKVXEVHTXHQWRYHUHVWLPDWLRQRIWKHILQDOGHQVLW\VLQFHFRQFHSWXDOO\LPSRVVLEOHWREHWDNHQXQGHU
FRQWURO+RZHYHUWKDWVKRXOGVLJQLILFDQWO\DIIHFWWKHPHDVXUHUHOLDELOLW\RQO\LQSUHVHQFHRIDKLJKGHJUHHRIVXUIDFH
SRURVLW\FRQVWLWXWHGE\ODUJHSDVVLQJYRLGV,QRWKHUZRUGVWKHHPSOR\HGPHWKRGLVPRUHUHOLDEOHIRUOHVVSRURXVDQG
VR EDVLFDOO\ PRUH GHQVH VSHFLPHQV FRQWUDU\ WR ZKDW RFFXUUHG IRU WKH SUHOLPLQDU\ GLUHFW PHWKRG RI YROXPH
HVWLPDWLRQ
3.2. Densification analysis 
$VIDUDVWKHUHVXOWVREWDLQHGDUHFRQFHUQHGWKHIROORZLQJPDLQIHDWXUHVFDQEHQRWLFHG7KH&9,WUHDWPHQWRIWKH
SUHIRUPANTARESVRXQGVJRRGLQWHUPVRIRYHUDOOVHFWRULDOKRPRJHQHLW\ZKLOHDZHOOGHILQHGGHQVLILFDWLRQJUDGLHQW
LHDGHQVLW\ ORZHULQJIURPWKHQHLJKERUKRRGRI WKH LQWHUQDOKROORZa1.41 g/cm3 DFURVV WKH LQWHUPHGLDWH]RQH
1.11-1.17 g/cm3WLOOWRWKHH[WHUQDOUHJLRQVRIWKHLQILOWUDWHGSUHIRUP0.99-1.07 g/cm3FDQEHDSSUHFLDWHG7KH
UHVXOWVREWDLQHGIRUANTARES VHHPWREHV\VWHPDWLFDOO\EHWWHUWKDQWKRVHIRXQGHGIRURIGEL%HVLGHVWKHKLJKHU
GHQVLW\DORQJWKHLQQHUUHJLRQ1.41 g/cm3IRUANTYVPD[1.32 g/cm3IRURIGVDPSOHVWKDWIHDWXUHLVVWUHVVHGIURP
WKHJUHDWHUUHVLGXDOSRURVLW\RIANTVDPSOHVUHVXOWLQJLQKLJKHUYDOXHVRIȡBULK 7KLVODWWHUTXDQWLW\ZLWKUHVSHFWWR
WKHDSSDUHQWGHQVLW\PD\EHVHHQQRWRQO\DVHYDOXDWLRQRIHIILFDF\EXWDOVRDVLQGLFDWLRQRIWKHGHQVLILFDWLRQSURFHVV
SRWHQWLDOLW\VLQFHLWDFWXDOO\LGHQWLILHVWKHORZHVWOLPLWRIFDUERQILEHUGHSRVLWGHQVLW\DFKLHYDEOHE\DQDV\PSWRWLF
LQILOWUDWLRQSURFHVVLHDVDUHDOLVWLFKLQWDIWHUILYHWHQKRXUV&9,F\FOHV6XFKUHVXOWFDQEHWULYLDOO\FRUUHODWHG
WRWKHLQLWLDOSUHIRUPFKDUDFWHULVWLFVVHH7DEOHRIGELSUHIRUPKDVWKHORZHVWILEHU\DUQYDOXHDVZHOODVWKHKLJKHVW
ILEHUYROXPHWULFSHUFHQWDJHWKXVWKHSUHIRUPH[KLELWVWKHVWDUWLQJKLJKHVWZUDSSLQJGHJUHH,WLVWKXVVROLGO\SDFNHG
VRWKDWDUHODWLYHIHZVSDFHLVDYDLODEOHWRWKHIORZLQJJDVWKHVWUXFWXUHZDVSUREDEO\LQWHUQDOO\VDWXUDWHGDOUHDG\
EHIRUHWKHVHFRQGF\FOHSUHYHQWLQJDQ\GHQVLILFDWLRQRIPLGGOHDQGRXWHUUHJLRQVDVFOHDUE\FRQVLGHULQJWKHDFWXDOO\
LQH[LVWHQWGHQVLILFDWLRQRFFXUUHGLQWKHIDUIURPKROORZUHJLRQVRIWKLVSUHIRUPKHUHQRWHYHQDQDO\]HG$Q\IXUWKHU
&9,WUHDWPHQWDVIDUDVWKHDGRSWHGH[SHULPHQWDOVHWXSLVFRQFHUQHGVKRXOGEHWKXVVXEVWDQWLDOO\LQHIIHFWLYHVLQFH
WKHORZUHVLGXDOSRURVLW\DWJDVIORZGLVSRVDO2QWKHFRQWUDU\WKHOHVVSDFNDJHGANTARESSUHIRUPVKRZVDIWHUWKH
LQILOWUDWLRQIDLUJRRGGHQVLW\YDOXHVLQWKHLQQHUSDUWDQGLQWHUHVWLQJSRWHQWLDOLWLHVE\IXUWKHU&9,WUHDWPHQWVWKHYDOXH
DURXQGRIANT 1 intVDPSOHUHVLGXDOSRURVLW\JLYHVULVHWRDEXONGHQVLW\QHDUO\1.6 g/cm3WKHGLVFUHSDQF\ZLWK
WKHFRUUHVSRQGLQJYDOXHVREWDLQHGIRUWKHVDPSOHANT 3 intPXVWEHUHIHUUHGWRPDQXIDFWXULQJVHFWRULDOLPSHUIHFWLRQV
)ROORZLQJWKHSUHYLRXVFRQVLGHUDWLRQVSHAULASUHIRUPWUHDWHGZLWKRQO\RQH&9,F\FOHVKRXOGEHLQGLFDWHGDV
SURPLVLQJ LWHP LQ WHUPV RI PDWHULDOV HPSOR\HG DQG SUHIRUP PDQXIDFWXULQJ ,Q IDFW GLVUHJDUGLQJ WKH ODFN RI
KRPRJHQHLW\EHWZHHQWKHGLIIHUHQWVHFWRUVLWKDVWREHKLJKOLJKWHGWKDWWKHKLJKHVWYDOXHRIDSSDUHQWGHQVLW\LVIRXQGHG
LQDPLGGOHUHJLRQSHA 2 medDQGWKDWLWLVPRUHRYHUKLJKO\FRPSHWLWLYHLIFRPSDUHGWRWKHUHVXOWVRFFXUUHGDORQJ
WKHLQWHUQDOUHJLRQVRIWKHWZLFH&9,WUHDWHGSUHIRUPV2QWKLVZD\WKHKLJKYDOXHVRISHAVDPSOHVUHVLGXDOSRURVLW\
JLYHULVHWRWKHKLJKHVWDQGQHDUO\FRQVWDQWEXONGHQVLW\,WWKXVFDQEHDUJXHGWKDWVXFKSUHIRUPW\SRORJ\LVZHOO
FRQFHLYHGDERXWWKHSRVVLELOLW\WRDFKLHYHDILQDOKRPRJHQHRXVVWUXFWXUHZLWKDQRYHUDOOGHQVLW\YDOXH1.6 g/cm3
DIWHU IXUWKHU&9, F\FOHV2EYLRXVO\ D VXLWDEOH WUDGHRIIEHWZHHQ WKHEDVLFSUHIRUPSDUDPHWHUV ILEHUGHQVLW\ DQG
SRURVLW\GLVWULEXWLRQLVEHOLHYHGWRKDYHDOORZHGDTXLWHXQLIRUPGHQVLILFDWLRQDWOHDVWXSWRWKHLQWHUPHGLDWH]RQHRI
WKHZKROHKLJKWKLFNQHVVLWHPXQOLNHZKDWRFFXUUHGLQRWKHUFDVHVFIUWKHJUDGLHQWGHQVLW\RIANTARESDVZHOODV
WKHPLGGOHH[WHUQDOµ]HUR¶GHQVLILFDWLRQRIRIGEL7KHGHQVLW\RIWKHVDPSOHVIURPALDEBARANSUHVHQWUHVXOWV
TXLWHVLPLODUWRWKRVHREWDLQHGIRUANTARESWKHPD[LPXPYDOXHVDUHIRXQGHGIRUWKHPRVWLQQHUPDWHULDO!1.4 
g/cm3 DSRRUGHQVLILFDWLRQLVSUHVHQWLQWKHH[WHUQDO]RQHVa1.0 g/cm3HYHQGRZQWR0.9 g/cm3ZKLOHLQWHUPHGLDWH
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YDOXHV1.1-1.3 g/cm3DUHUHJLVWHUHGLQWKHPLGZD\IURPWKHKROORZFRUH7KHUHVXOWVRIALDVDPSOHVEXONGHQVLW\
DQGSRURVLW\ LQ WXUQVDUHSHUIHFWO\PDWFKHGWR WKRVHIRXQGHGLQANTARES, WKXVVXJJHVWLQJWKHDERYHPHQWLRQHG
GHSHQGHQFHRIWKHLQILOWUDWLRQPRGDOLW\RQWKHSUHIRUPSRVLWLRQZLWKLQWKHRYHQEHVLGHQRDSSUHFLDEOHLQIOXHQFHGXH
WR WKH'VWLWFKLQJPDQXIDFWXUHRI WKLVSUHIRUPKDVEHHQIRXQGHG2QWKHFRQWUDU\DQG LQWHUHVWLQJO\DOO WKHQLQH
VDPSOHVIURPALTAIRSUHVHQWYDOXHVZLWKLQUHODWLYHO\QDUURZUDQJHVLHGHQVLW\RI1.1-1.3 g/cm3SRURVLW\RI
DQGEXONGHQVLW\RI1.2-1.4 g/cm3UHJDUGOHVVRIWKHVDPSOLQJUHJLRQ7KDWKLJKOLJKWVWKHKLJKHVWFDSDELOLW\SURYLGHG
E\ WKLVSUHIRUP WREHPRUHGHHSO\ WRZDUG WKHPHGLXPRXWHU]RQHV LQILOWUDWHGE\ WKHJDV WKXVREWDLQLQJDPRUH
KRPRJHQHRXVPDWHULDOVLQFHWKHJDVPRUHXQLIRUPO\LQILOWUDWHVWKHSUHIRUP6XFKLWHPUHVXOWVDVDFRQVHTXHQFHWKH
PRUH GHQVH DV D ZKROH LH DYHUDJLQJ RQ WKH HQWLUH YROXPH DV EHVLGHV LQGLFDWHG E\ WKH SUHOLPLQDU\ ZHLJKW
PHDVXUHPHQWVUHSRUWHGLQ7DEOH6XPPDUL]LQJWKHIROORZLQJREVHUYDWLRQVFDQEHRXWOLQHGDWKHHPSOR\PHQWRI
.\DUQ&ILEHUVRIGELGRHVQRWDOORZZLWKLQWKHDGRSWHGH[SHULPHQWDOVHWXSWRUHDFKDVXLWDEOHGHQVLILFDWLRQLQ
KLJKWKLFNQHVVVWUXFWXUHEWKHLQILOWUDWLRQRIWKHSUHIRUPVFORVHUWRWKHJDVLQOHWANTARESDQGALDEBARANLV
FKDUDFWHUL]HG E\ D UHODWLYH KLJK JUDGLHQW EHWZHHQ LQQHU DQG RXWHU UHJLRQV WKH LQWHUQDO ]RQHV SUHVHQW WKH KLJKHVW
UHJLVWHUHGYDOXHVRIGHQVLW\a1.4 g/cm3EXWRQDYHUDJHWKHVHLWHPVKDYHDQRWVXLWDEOHGHJUHHRIGHQVLILFDWLRQDVD
ZKROH F WKH SUHIRUPV PRUH GLVWDQW IURP WKH JDV LQOHW SHAULA DQG ALTAIR SUHVHQW D TXLWH KRPRJHQHRXV
GHQVLILFDWLRQERWKLQUDGLDODQGFLUFXPIHUHQWLDOGLUHFWLRQLQSDUWLFXODUWKHPDQXIDFWXULQJRIALTAIRVRXQGVWREH
WKHPRVWVXLWDEOHLQRUGHUWRJDLQDQHIIHFWLYHGHJUHHRIGHQVLILFDWLRQRIKLJKWKLFNQHVV&&VWUXFWXUHE\IXUWKHU&9,
F\FOHV6XFKFRQVLGHUDWLRQVDUH VXSSRUWHGE\ WKHPRUSKRORJLFDO DQDO\VLV$FRPSOHWH URXQGXSRI6(0 LPDJHV LV
HOVHZKHUH UHSRUWHG KHUHEHORZ WKHPLFURJUDSKV RI)LJ OHIW VLGH KLJKOLJKW WKH GLIIHUHQW GHJUHH RI GHQVLILFDWLRQ
RFFXUUHGLQVDPSOHVIURPRXWHUOHIWDQGLQQHUULJKW]RQHVRIANTARESDWORZWRSDQGKLJKGRZQPDJQLILFDWLRQ
WKHWXUERVWUDWLFJUDSKLWLFPLFURVWUXFWXUHSHFXOLDURIWKHILEHUVEXQGOHZUDSSLQJG\QDPLFVLVDOVRVKRZQIRUDVDPSOH
IURPALDEBARAN ULJKWVLGH


)LJ6(0DQDO\VLVRIGLIIHUHQW&&VDPSOHV
,WKDVWREHQRWLFHGKRZHYHUWKDWVXFKLPDJHVSRLQWRXWDQRWXQLIRUPDQGGLVRUGHUHGPRUSKRORJ\RIWKHFDUERQ
PDWUL[ GHSRVLWHG 7KDW LV LQ FORVH UHODWLRQVKLSZLWK WKH UHVXOWV REWDLQHG IRU WKHPHDVXUHG YDOXHV RI GHQVLW\ WKDW
DSSURDFKLQJ 1.4g/cm3 RQO\ LQ WKH LQQHU SDUWV RI WKH VWUXFWXUHV IXUWKHU LPSURYHPHQWV DV SURFHVV SDUDPHWHU
RSWLPL]DWLRQDVZHOODVUDLVLQJRILQILOWUDWLRQWLPHDUHEHOLHYHGWRDOORZDWOHDVWZLWKLQWKHLQQHUPLGGOHSUHIRUPV
UHJLRQWRDFKLHYHKLJKHUGHQVLW\YDOXHVWKDQNVWRWKHGHSRVLWLRQRIDPRUHXQLIRUPFU\VWDOOLQHPDWUL[LQVLGHWKHFDUERQ
ILEHUEXQGOHV$QDQDO\WLFDOPRGHOLQJRIWKHGHQVLILFDWLRQG\QDPLFVUHSUHVHQWVDVRFRPSOH[LVVXHVLQFHWKHZLGH
YDULHW\RISDUDPHWHUVWREHWDNHQLQWRDFFRXQWRIWHQDIIHFWLQJHDFKRWKHU7KDWLVWUXHLQJHQHUDOIRU&9,SURFHVVHV
ZKLFKDUHGHHSO\DQDO\]HGLQOLWHUDWXUHE\ILUVWSULQFLSOHFDOFXODWLRQVDQGQXPHULFDOVLPXODWLRQVKRZHYHUDQRWWULYLDO
QXPEHURIHPSLULFDOFRQVWDQWVLVDOZD\VUHTXLUHGWRJHWDVXLWDEOHFRUUHVSRQGHQFHEHWZHHQWKHRUHWLFDOSUHGLFWLRQVDQG
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H[SHULPHQWDOUHVXOWV0DLQO\KHUHZKHUHKLJKWKLFNQHVVVWUXFWXUHVDUHFRQVLGHUHGWKXVHQKDQFLQJWKHFRPSOH[LW\RI
DVLQJOHSK\VLFDOPRGHOWKHVSHFLILFFKDUDFWHULVWLFVRIWKHDGRSWHGH[SHULPHQWDOVHWXSVKRXOGEHFDUHIXOO\LQFOXGHG
LQWKHPDWKHPDWLFDODQDO\VLV)URPWKHREWDLQHGUHVXOWVIRUH[DPSOHLW¶VFOHDUWKDWWKHGHQVLILFDWLRQPRGDOLW\LVKLJKO\
DIIHFWHGE\WKHSRVLWLRQLQJRIWKHSUHIRUPLQVLGHWKHRYHQLHUHVSHFWWRWKHJDVLQOHW
7KXVDVRKDUGZRUNVKRXOGEHFDUULHGRXWLQRUGHUWRWDNHLQWRDFFRXQWWKHWHPSHUDWXUHSURILOHDORQJWKHSUHIRUPV
KROORZZKLFKLQWXUQVDIIHFWVWKHGHSRVLWLRQUHDFWLRQLQWHUPVRIYHORFLW\HIIHFWLYHQHVVHWF6XFKFRPSOH[LW\
OLQNHGWRWKHPRQLWRULQJRIWKHFKHPLFDOUHDFWLRQLWVHOIFRXOGEHE\SDVVHGE\IRFXVLQJRQWKHEHKDYLRURIWKHILQDO
GHQVLW\$VLPSOLILHG JURXQGPRGHOLQJVKRXOGEHFKDUDFWHUL]HGE\ WKHIROORZLQJEDVLF IHDWXUHV7KHYDOXHRI WKH
GHQVLW\ȡDVIXQFWLRQRIWKHLQILOWUDWLRQWLPHtKDVWRIROORZDQ$UUKHQLXVW\SHODZIURPWKHSUHIRUPGHQVLW\ȡ0XSWR
WKHEXONGHQVLW\ȡBULKLGHQWLILHGDVWKHµ]HURSRURVLW\¶FRQGLWLRQ

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
ZKHUHĲLVDFKDUDFWHULVWLFWLPHUHODWHGWRWKHPHDQIUHHSDWKRIWKHJDVPROHFXOHVDQGWKXVWRWKHNLQHWLFUDWHRIUHDFWLRQ
%HVLGHVWKDWLQIXQFWLRQRIWKHSUHIRUPUDGLXVrr – r0)  EHLQJWKHGLVWDQFHIURPWKHKROORZFRUHWKHGLIIHUHQWLDO
GHQVLW\ȡ*DWIL[HGWLPHPXVWIROORZWKHXQGHUVWDQGDEOHEHKDYLRU

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WKXVREWDLQLQJIURP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
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
ZKHUH$LVLQWXUQVIXQFWLRQRIWLPHDSDUWIURPEHLQJUHODWHGOLNHȡBULKDQGtWRWKHPDFURVFRSLFSURFHVVSDUDPHWHUV
$PRQJWKHVHODWWHUWKHKHUHUHSRUWHGUHVXOWVVXJJHVWWRIRFXVRQWKHILEHUW\SRORJ\KUHODWHGWRȡ0DQGRQWKHKHLJKW
HLQVLGHWKHRYHQEH\RQGWKHWHPSHUDWXUHTWKXVWKHNQRZOHGJHRIWKHWKUHHUHODWLRQVKLSV

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
VKRXOGSURYLGH WRJHWKHUZLWK  D FRPSOHWH GHVFULSWLRQRI WKHGHQVLW\SURILOH LQ GHSHQGHQFHRI WLPH DQG UDGLDO
SRVLWLRQ)XUWKHUH[SHULPHQWDOWHVWZLOODOORZWRFROOHFWPRUHGDWDWRJDLQDPRUHGHWDLOHGNQRZOHGJHRIERWKV\VWHP
DQGSURFHVVZRUNLQJZLWKWKHILQDODLPWRILQGDUHOLDEOHIXQFWLRQDOUHODWLRQVKLSEHWZHHQGHQVLILFDWLRQDQGRSHUDWLYH
SDUDPHWHUV
&RQFOXVLRQV
$QH[SHULPHQWDOVHWXSIRUWKHSURGXFWLRQRIKLJKWKLFNQHVV&&VWUXFWXUHVE\&9,WHFKQLTXHKDVEHHQSUHVHQWHG
GHVFULELQJWKHSUHIRUPPDQXIDFWXULQJWKHLQILOWUDWLRQSURFHGXUHDQGWKHPHDVXUHPHQWVRIWKHRFFXUUHGGHQVLILFDWLRQ
7KH DQDO\VLV RI WKH REWDLQHG UHVXOWV KDV VKRZQ WKDW WKH SURFHVV HIIHFWLYHQHVV LV KLJKO\ DIIHFWHG E\PDFURVFRSLF
SDUDPHWHUVVXFKDVWKHSUHIRUPVW\SRORJ\DQGSRVLWLRQLQJZLWKLQWKH&9,RYHQEH\RQGWKHQXPEHURIF\FOHVDQGWKH
SURFHVV WHPSHUDWXUH WKXVSDYLQJ WKHZD\IRUD WDLORUHGSURFHGXUHRIGHQVLILFDWLRQRQFHDVXLWDEOHFRQWURORIVXFK
SDUDPHWHUVLVJDLQHG7KHSURSRVHGHTXLSPHQWDQGSURFHGXUHDIWHUIXUWKHURSWLPL]DWLRQDUHEHOLHYHGWRSURYLGHKLJK
WKLFNQHVV&&VWUXFWXUHVZLWKGHQVLW\ ILWWLQJ WKHKLJK WHPSHUDWXUHDSSOLFDWLRQV UHTXLUHG IRU VXFKPDWHULDOVZLWKD
VLJQLILFDQWLPSURYHPHQWLQWHUPVRISURFHVVWLPHFRVWVDYLQJUHVSHFWWRWKHFXUUHQWO\HPSOR\HGPHWKRGV
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